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Charge transport in a #r-conjugated polymer: Generalized Langevin equation analysis
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The complex dielectric constants of polymer light-emitting diodes using palynethoxy-5¢2'-ethyl-
hexyloxy)-1,4-phenylenevinylejevere measured, and the generalized Langevin equation was used to analyze
the dielectric behavior in the frequency domain. We also proposed appropriate fitting functions for the voltage
dependence of the fitting parameters. We confirmed that the generalized Langevin equation offers a very good
approach to analyze and understand the transport properties of charge carriersconggated polymer.

A typical polymer light-emitting diodéLED) consists of rent is Ohmic with a slope equal to one, while at higher
a thin layer of conjugated polymer sandwiched between twwoltages, the current is bulk limited with slopes3.3. Figs.
electrodes on top of a glass substrate. Under forward dc biag(a and Zb) show the frequency-dependent real and imagi-
electrons and holes are injected from the cathode and theary part of the dielectric constants of the ITO/MEH-PPV/AI
anode, respectively, into the polymer. The injected chargelevice, respectively, calculated from the impedance data. As
carriers move through the polymer due to the applied extershown in Fig. 2a), the real part of the capacitance does not
nal electric field over a certain distance until recombinationchange up to around $0Hz and relaxes around 40Hz.
takes place. Thus the operation of the polymer LED could bédowever, a strong frequency-dependent behavior in the
considered in three processes: injection, transport, and rémaginary part of the dielectric constants, i.e., low-frequency
combination of the chargés. dispersion, is observed as seen in Fi¢h)2This indicates

To improve the performance of polymer LED's, it is vital that the effect on the conduction of the remaining ions used
to understand which mechaniésh controls) the current during the polymerization process of MEH-PPV is negli-
density-voltage J-V) characteristics of a given device gible, and that only the hole is a major charge caftier.
structuré? Transport at dc or at very low frequencies requires We consider the potential energy configuration for the
a kind of percolating network of transition, in which the charge carriers in order to analyze the data. As we know,
weakest links(intrachain connectiondetermine the magni- MEH-PPV is am-conjugated polymer, and this kind of ma-
tude of the conductivity. At highfrequencies, the charge carterial can be considered as a quasi-one-dimensional semicon-
riers become localized in small regions of low-energy barri-ductor. In certain circumstances, macromolecules exhibit
ers. In this context, studying the conductivity in the collective ground states induced by the interaction of their
frequency domain is essential due to its spectroscopic charalence electrons with each other or with molecular motions
acter. In practice also, for the pulse operation of the LED, weof the macromolecule chair(ge., phonons If all the con-
have to understand the current-voltadeV() characteristics jugation lengths were equal and electron-electron interac-
in the frequency domain, i.e., the relaxation process shoultlons were neglected, MEH-PPV would be metallic. Two
be studied. phenomena can alter this metallic behavior: electron-electron

Recently, ionic motions in amorphous LiING@KNbO,,  interactions and electron-phonon interactién&lectron-
and PbTiQ were described by using a modified generalizedelectron interactions can lower the symmetry of the electric
Langevin equatiod. In this article, we analyzed R
the frequency-dependent dielectric constant of an indium 10 T " ' " T
tin oxide (ITO)-poly[2-methoxy-5¢2’-ethyl-hexyloxy)-1,4- 10°k
phenylenevinylene (MEH-PPV)-aluminum (Al) device us-
ing the generalized Langevin equation. Based on the results
of this analysis, the conduction mechanism of the charge _ 1xi0°

ITO/MEH-PPV/AI k
X107 f

carrier is discussed. < . Slope=3.3

Polymer films were obtained by spin coating the filtered § ' F 3
polymer solution onto the substrates with an ITO electrode. 5 107} 1
Then the polymer films on the ITO/glass substrates were © R
subjected to a heat treatment in a vacuum oven for an hour. 10°F !
Aluminum was vapor deposited as the cathode at a working 10°F y
pressure below %10 ¢ Torr, yielding an active size of o . . .
5-mm diameter. Thé-V characteristics and the impedances 102 10" 10° 10"

of the samples were measured by a source-measurement uni
(Keythley model 23p and impedance gain/phase analyz-
er(S11260, Solatrop respectively. FIG. 1. Current-voltage characteristics of the ITO/MEH-PPV/AI

Figure 1 shows the I-V characteristics of the ITO/MEH- device. The current is Ohmic at low voltages, while at higher volt-
PPV/AIl device. At low voltages, up to around 1 V, the cur- ages, the current is bulk limited.

Applied bias (V)
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FIG. 3. The schematic energy diagram for the polaron in a con-
jugated polymer—E, is the binding energy of the polaron to the
potential considered abové) Polaron level change from E, to
— E, after charge injection. Still bounde(b) Polaron level change
from —E, to E=0. Free charge.

10 F

Dielectric constant (')

ered when we would like to describe the carrier motion in the
frequency domain because of the importance of inértia.
- - - - - The polaron energy levels lie below the lowest unoccu-
10k B [TO/MEH-PPV/Al pied molecular orbit(LUMO) for the electrons and above the
3 highest occupied molecular orbit for the holes. Figure 3
shows the typical schematic energy diagram for the polaron
E in conjugated polymers=-E, is the binding energy of the
polaron to the potential well. If a charge is injected to the
polaron level, the energy level of the polaron changes due to
the redistribution of the charge carriers and two kinds of
events can happen. Ca&® indicates that the polaron level
—E, changes to- E,, but it is still under the LUMO, while
case (b) indicates that the polaron level E, changes to
E=0. In case(b), the polymer will show metallic behavior,
100 b e but to our knowledge this behavior have never been ob-
10 served. This indicates that the Peierls instability will not be
Frequency (Hz) broken because of the amount of the injected charges in our
. experiments. Therefore, one can say that the polarons pass

FIG. 2. The frequency-dependetal real and(b) imaginary part  yhr5ygh the polymer under the influence of the potential due
of the dlelectrlg constants of the ITO/MEH-PPV/AI _dewce, calcu- t8 the CDW and Peierls instability by a hoppif‘lg.
lated from the impedance data. Symbols are experimental data an The behavior of the polarons is composed of the dc and
lines are results of fits using E¢B). low- . . . )

ow-frequency diffusive motion under the influence of an

external applied field, and of high-frequency oscillatory mo-

charge density, and distort the chain. The ground states wition ynder the internal potential. Then the equation of motion

reduced-symmetry charge densitibsharge-density wave for hopping polarons can be described as a generalized
(CDW)], spin densitiegspin-density wavgor bond orders | gngevin equation that holds for arbitrary frequencies and

(bond-order-alternation wavealways exhibit decreased en- h4t'is based on the memory function formalism for the re-

ergies. For a given CDW, the valence-electron charge denzyational behavior of the carriér:

sity as a function of positiow is given by

Frequency (Hz)

Dielectric loss (")

t

mi+mFX+mw2JM—’ '=K(t). (2
p(X)= po 1 COLGXH D). & Gormii)Fmesr | MAZHAE=Km. @
Here, m andx are the effective mass and the position of a
charge carrier]’ is a damping constantp, is a phonon
frequency, Mt) is a memory function, and ) is an external
oscillation field. In Eq.(2), <---> represents an ensemble
gverage. The random force in the generalized Langevin
equation disappeared during the ensemble average process.
In an extreme cageM (t) is zero or unity Eq. (2) becomes a
Biffusion equation or a damped harmonic equation. The
frequency-dependent complex conductiwity(w) and com-
Blex dielectric constan¢* (w) can be obtained from the so-

The periodq of the charge-density wave is related to the
numbern of electrons per unit length in the macromolecule
by g=nw. The phased is arbitrary. In addition to the
charge-density wave, electron-phonon interactions lead to
symmetry-reducing distortion of the atomic geometry, which
is called the Peierls transition. Therefore, theelectrons
form the polarons and the potential energy of the polaron ca
be thought of as periodic function as given by Et). Ac-
tually, the potential is nonperiodic because of the amorphou

structure of the polymer, defects, the distribution of Conqua]ution of Eq. (2) with the help of the relation between

tion lengths, the distribution of charge trap sites, etc. Henc%he conductivity and the dielectric constani(w)
we do not use the classical particle model proposed bL(w/4Tri)[e(w)—e 1

Gruneret al, which describes the conductivity of the density

wave transporf. Moreover, no relaxational behavior of the Ame?n 1

charge carrier is considered in the classical particle model. e =e,— . 3
Relaxational behavior of the charge carrier should be consid- M w’tiel+i wng(w)
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TABLE I. Fitting parameters used in this model at each dc bias BT T T T T T T T T T T

voltages. _ ( a)
Y T r 4me?n/m
60 - -
0 6.0<10°* 2.0x 107 5.0x 107 -
1 2.2x10°° 5.5X 107 1.5x 10%° 2 B n(0)+70 slope=-2.98
2 7.0<10°° 1.9x10% 4.9x10% £ ® InM)
3 3.8<10°6 3.5% 107 8.9x 10% g %r lingar fits ’
o
£

Heree andn are the charge and the concentration of a charge
carrier, andM (w) is a memory function in frequency do-

main. UsuallyM(t) is assumed to be a single exponential. N R T T
The relationship betweeM (w) andM(t) is 04 02 00 02 04 06 08 10 12 14 16 18 20

50 |- slope=3.05

M(w)=F.T[M(t)=A-exp —t/7)]= (4) 10 , , ' '

l+iwr’

where is the transition time from the low-frequency diffu- ]
sive motion to the high-frequency oscillatory motion and B data

F.7. denotes for the Fourier transformatioh.is a normal- . fit by bV"exp ' (av'?)
ization constant to satisfy the constraint condition of the 8 5F
memory function. The solid lines in Figs(& and 2b) are E
the fitting results using Eq3). We used only three param- &
etersn, T', andr, to fit the dielectric data, and the dielectric «&

<) m=246+% 0.25
constant and the dielectric loss are fitted by the same value § a=127
of the parameters for the same dc bias voltage, and the ex o b=532 .
perimental data are well fitted over four decades. The fitting
parameters are listed in Table I. , ) , ) . ) .
As shown in Table I, the fitting parameters show a strong 0 1 2 3

voltage dependence. The mobility of the charge carriers in v
the 7-conjugated polymers can be described®by
FIG. 4. The voltage dependence of fitting parameters used in our
w(E)=un(0)exp a\E), (5) model. Symbols in the figure represent parameters at each dc bias

- . .. voltage and solid lines are fitting results.
whereu(0) denotes the mobility at zero field. The transition g g

time 7 and the damping constahtin the generalized Lange-

vin equation are highly related to the mobility, and thus thesd-igure 4b) shows the voltage dependence of the charge-

parameters are thought to depend on the same function 6grrier concentratiom used in our model. Symbols in the

voltage. By analogy of these results, the bias voltage deperiigure represent experimental data at each dc bias voltage

dence of parameteid(V) and (V) are assumed as follows: and the solid line is the result of using E®) for a fit. The
parameters a, b, and m are 1.27, 5.32, and 2@85, re-

L(V)=T(0)exp(a\V), (6)  spectively.
From the analysis, the conduction of the charge carriers is
(V)= T(O)exp(,B\/V). (7) governed not only by the applied field but also by the poten-

. - tial configuration " and 7 are the characteristic parameders
Figure 4a) shows the voltage dependence of fitting param- f the charge carriers. As we have seen in Fifh)2the

etersl” and 7. Symbols in the figure represent parameters a maginary part of the dielectric constant shows dielectric dis-

eg;;;mdec;et;gsa\r/]zlta%?eag% ;C;:]dd_“29583:2;“223\/;?3““5' Th%ersion at low frequencies and a dielectric loss peak at higher
P B ' =0, Tesp Y. frequencies, simultaneously. There are several conduction

For the charge-carrier concentration n, voltage-depende 1 . —
current density of the EL device using MEH-PPV should be%OdGIé but they cannot explain the two phenomena simul

. ) S taneously. The phenomenological equations such as Debye,
considered. If the barrier to carrier injection at one of the~ o~ ia Cole-Davidson. and Wiliam-Watt equations only
injecting electrodes is less than 0.3-0.4 eV, the conductiof, "y e’ oss peak at the high-frequency side. The gener-
n smg;le layer orgarychLED’s will bg bullk limited, gn? thg alized Langevin equation is the only one that can fit the
|-V characteristics of ther-conjugated polymer can be fitte ) : : L
to0 a power lawd—KV™ 12 Since the current density is low-frequency dispersion and the high-frequency loss peak

It E th it d dent ch ; simultaneously to our knowledge, and it is revealed that only
equal toneu -k, the vollage-dependent charge-carrer Con-gne onduction mechanism, hopping conduction, can show
centration v) can be obtained by,

both low-frequency dispersion and high-frequency loss peak,
YL prlym b.ym simultaneogsly. _ o _ _

o — _ (8) Another interesting point is the following. In this model,
enkE 2 expa\V) the r is the transition time from diffusive motion to oscilla-

noc
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tory motion, i.e., for time scales longer than the charge In summary, the generalized Langevin equation was used
carrier shows diffusive motion while for the shorter time to analyze the dielectric behavior in the frequency domain,
scales, it shows oscillatory motion. If the material is amor-and the experimental data were satisfactorily fitted by the
phous and the potential energy has some kind of distributiorgeéneralized Langevin equation. We observed voltage depen-
the transition timer also should have a similar kind of dis- 9€nce of the fitting parameters used in our model, and appro-
tribution. However, the single transition timecould fit the priate fitting functions were proposed. It is confirmed that the

. . . fitting results of the parameters follows well to the corre-
whole data satisfactorily. This is an unexpected result, and onding functions we proposed. From the analysis, we de-
possible explanation is that the actual hopping sites have themined the signature of the bulk limited conduction. It also

same(or very similaj environmental conditions such as po- was confirmed that the electric current at arbitrary frequency
tential energy, hopping distance, etc., even though the quasis governed by several intrinsic voltage-dependent param-
one-dimensional conduction paths®fconjugated polymers eters,I', 7, andn. We think the generalized Langevin analy-
are not parallel. It seems that the macroscopically amorphousis is a very good approach to understand the charge trans-
character cannot change the microscopic electronic structuiort in the frequency domain.

of the polymeric material. We think this result is unexpected The authors would like to thank Dr. Hyun-Tak Kim at
and needs more study. ETRI for helpful discussions.
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